We have studied Korotkoff sounds in 10 subjects by recording pressures and sounds simultaneously through a brachial arterial needle at locations both beyond and beneath the inflatable cuff. The Korotkoff sounds coincided with a small dip and ensuing steep rise in pressure immediately beyond the distal edge of the cuff. Sound intensity paralleled not only the rate and the acceleration of this steep ascent, but also the total pressure through which it was maintained. Pressures beneath the midportion of the cuff showed a more pronounced sharp initial negative dip, usually followed by a rapid reversal and steep rise, and the sounds were also recorded here in association with these rapid pressure changes. This study supports the hypothesis that the initial Korotkoff sound is produced by rapid changes of pressure both beneath and distal to the compressing cuff, sufficient in rate to impart sonic vibrations to the vessel wall and surrounding tissues. We have attempted to explain how these rapid pressure changes are produced. 
Indirect deternination of blood pressure ger's laboratory, proposed that the rapid vibrations, or positive and negative "pre-anacrotic waves" that appear in front of the main upstroke of the brachial pulse, cause interference in the course of transmission and that this is an important factor in producing the Korotkoff sounds.
Other theories5 have centered about flowinduced vibrations. These have implicated turbulent jets, turbulent wakes, cavitation, systolic impact with stenotic flow and protodiastolic recoil, resonation of the arm as the pulse enters, and phenomena attributed to the Bernoulli effect. Rappaport and Luisada6 proposed the idea that these sounds are produced not only by the greatly increased blood velocity at the time of beginning ejection as it passes through the partially collapsed artery, but also by the rapid distention of the artery and surrounding tissue due to the sharp primary pulse oscillation. More These sounds were filtered with a band-pass filter set at 40 to 2,000 cps.
The rate of change of the arterial pressure (dp/dt) was continuously determined with an RC differentiating circuit (Electronics for Medicine), having a 0.00044 sec time constant. The differentiating circuit was calibrated by imposing a signal of constant and known slope from an integrating amplifier and measuring the resulting response of the differentiator. The second derivative (dp/dt2) was estimated by measuring the time elapsing from the lowest point of the pressure front (usually the nadir of a small dip) to the point at which the peak first derivative was reached. This time was then divided into the previously determined first derivative (dp/dt) from the same wave complex. The time intervals were measured with the aid of a hand lens and were accurate within -+-1 msec.
The basic experimental method was as follows: With the intra-arterial needle in place, the sphygmomanometer cuff was inflated to a level exceeding the patient's systolic blood pressure. The cuff was then gradually deflated, the recording begun, and with each successive 10 mm Hg drop in pressure, a mark was placed on the recording strip. An aneroid manometer was used and standardized with a mercury manometer.
Results

Needle Tip Placed Immediately Beyond the Lower Edge of the Cuff
When the cuff is inflated to pressures exceeding systolic pressure, the intravascular pressure at this point falls for several seconds and reaches a plateau of approximately 30 to 70 mm Hg.
As the cuff pressure falls slowly below systolic pressure levels, one begins to see sudden pressure changes at the point just distal to the lower edge of the cuff ( fig. 2 ).
The initial disturbance is a small quick pressure dip lasting from 2 to 10 msec, followed by a sudden rise. From figures 3 and 4, one Magnified portion from figure 2 (the locations 1 and 2 are denoted in figure 2 by the numbered arrows).
In the complex at the right the brachial pressure shows a small rise preceding the initial dip.
begins to resemble the normal arterial pulse. The small pressure dip described above preceded the rapid pressure rise in most of the beats. Occasionally, we were able to identify an extremely small, slow rise preceding the small initial dip ( fig. 3 ). As cuffpressures fell to near diastolic levels, the dip disappeared, the wave appeared to show a squared contour at the onset of its rise, the maximum rate of rise fell, and the sounds became softer and lower in frequency (fig. 2 , beats 2 to 4 of line C). This point was believed to correspond to subjective "muffling" of the sounds. Shortly thereafter, as the pressure in the cuff was further reduced, the sounds disappeared, and the wave adopted a normal-appearing rounded slow rise.
During sound production, the height through which the accompanying steep pressure front was sustained could be measured in most waves from the nadir of the early dip to the point at which the wave form changed abruptly from a rapidly to a slowly ascending slope. The height of the steep wave front, so determined, paralleled closely the peak rate of pressure rise (dp/dt) of this wave front, and, therefore, also varied with the sound intensity changes ( fig. 1) . From figure 1, one can also see that the sound derivative (dp/ dt2 ) of the pulse ascent varies in the same direction as the maximum slope, or first derivative, of this wave, thus also paralleling closely the intensity of the Korotkoff sounds.
The sounds recorded through a microphone placed on the surface of the skin over the needle tip begin simultaneously 0 z lz C. Maximum rate of rise of brachial pressure (dp/dt) without compression plotted against the maximum rate of pressure rise at the time of loudest Korotkoff sound for each of the 10 cases (r = 0.6614, P < 0.02). with those recorded internally, when allowance is made for the small delay through the later circuit ( figs. 3 and 4) . The maximal rate of rise (dp/dt) of the parent pulse wave (the wave which is propagated from the aortic root to reach the upper edge of the cuff) appears to influence the maximal rate of rise of the steep pressure ascent appearing below the cuff during the loudest Korotkoff sound. The scatter plot in figure 5 shows a slight but significant correlation (r = 0.6614) P < 0.02) between these two measures. 150 bh loo -Braac. Pressure 
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This suggests that more rapidly ascending pulse waves, upon reaching the occluding cuff, are more apt to produce a steeper wave front emerging from below the cuff at the time of inscription of the loudest Korotkoff sounds.
Needle Tip Placed Beneath the Cuff When the cuff was positioned in such a way that the needle tip lay beneath the midportion of the cuff (7 cm above the lower edge) in three patients, the recorded pressure pulses and sounds were modified in a 150 Brach. Pressure Figure 6 With the needle tip lyinzg beneath the middle of the 7-cm compressing cuff, the pressure within the cuff is allowed to fall slowly. Each intravascular sound accompanies a sharp niegative and a sharp positive deflection of the brachial pulse. Several beats give rise to two separate Korotkoff sounzds, attributable to the bifid pulse of idiopathic hypertrophic subaortic stenosis (case 8). Repeat tracing of case 8 (see fig. 6 ) with the compressing cug moved proximally to allow the needle tip to lie beyond the distal edge of the cuf. In this position, the sounds appear louder than those recorded at the same sensitivity beneath the cuff, and the initial negative pressure dips are smaller. characteristic fashion. The resting intravascular pressure between heart beats was approximately that present within the interior of the cuff. As the cuff-pressure fell to systolic levels, each beat resulted in a prominent sharp negative deflection (which was often the major deflection) followed by a sudden rise ( fig. 6 ). Korotoff sounds were recorded in this location and corresponded in time to both the dip and subsequent rise. Similar to the situation described above for the pressures at the lower cuff edge, we could occasionally identify a diminutive slow rise preceding the sharp initial dip. Throughout the major range of cuff pressures associated with Korotkoff sounds, the early dip was present and more pronounced than its counterpart recorded beyond the distal edge of the cuff (figs. 6 and 7). As the cuff reached diastolic levels, the initial dip disappeared in much the same fashion as that described for the pulse wave beyond the distal edge of the cuff. These pressure tracings resemble closely the volumetric changes recorded in the vessel beneath the compressing chamber in the classic study of Erlanger.3 In one case where intravascular sounds were recorded with the same sensitivity from both beneath and beyond the cuff (figs. 6 and 7), both the sounds and first derivative of the pressure rise were less in amplitude in the position beneath the midportion of the cuff. When the 14-cm cuff Circulation, Volume XXXIX, April 1969 was adjusted so that the tip of the needle lay under more distal portions, or when the entire distance underlying the 7-cm cuff was explored, numerous resulting tracings resembled those produced midway beneath these cuffs.
The location of earliest sound production was ascertained in the following fashion: With both the external microphone and needle tip at the distal edge of the 14-cm cuff, Korotkoff sounds were recorded. Then the cuff and external microphone were moved down in such a way that the needle tip lay beneath the midportion of the cuff (7 cm above distal edge), and the external microphone continued to lie at the distal edge of the cuff. Figure 4 shows sounds recorded from both positions at cuff pressures of 80 mm Hg. From this one can see that the internal sounds begin concomitantly with the external sounds when the needle tip is beyond the cuff, but with the needle beneath the cuff, the sounds recorded from this point clearly precede the external sounds recorded just beyond the cuff. This indicates that the sounds appear earlier beneath the cuff than at points beyond the distal edge.
Needle Tip at the Proximal Edge of the Cuff
In the one experiment performed with the narrow cuff, the tip of the intra-arterial needle was positioned at the proximal edge of the cuff. At this position, no Korotkoff sounds were recorded at any time.
Our study shows clearly that the Korotkoff sounds appear both beneath and beyond the cuff and coincide exactly with rapid and abrupt changes of pressure at these locations. The sounds appear more intense, however, beyond the cuff. The relative intensity of the resulting sound appears to be inextricably associated with both the rate of pressure rise (dp/dt) and also with how quickly this maximum rate of rise is attained (dp/ dt2). Sound intensity is also related to the amplitude of the steep pressure front regularly accompanying these sounds. This abruptly rising pressure front required as little as 2 to 4 msec to rise from its minimum to its maximum height, meaning that such pressure changes are capable of inducing sound vibrations as rapid as 250 to 300 cps. This finding coincides with that of previous workers,10-12 which places the major frequency spectrum of these sounds between 20 and 300 cps. The steep wave front might be likened to a sharp "tap"5 on the tissues, during which the arterial wall and surrounding structures are set into vibration, lasting until the pronounced damping effect of the soft tissues quickly eliminates them. This initial transient, upon which the clinician relies primarily for blood pressure determinations,13 is not related to the amount of blood flowing through the narrowed segment, but may be related to rapid acceleration of blood. A supervening, more prolonged "compression murmur" is sometimes heard and is related to turbulence (or eddy formation) of the high-velocity jet through the constricted segment.5 The appearance of sounds first beneath the occluding cuff coincident with an early dip in pressure provides evidence against the water-hammer theory of sound production.
The pressure phenomena noted in our study might best be explained in the following manner: When the occluding cuff is inflated to levels above systolic levels, one is, in effect, separating the arterial tree into two noncommunicating components-a por- With this sharp drop in pressure, a new lower pressure equilibrium is reached at the arterial junction formed at the distal edge of the cuff. This favors a slightly lower pressure in the portion of the artery beyond the distal edge of the cuff and probably accounts for the early pressure dip at that level when the Korotkoff sound begins. Such a "preanacrotic" pressure dip in the distal vessel has been noted previously.3 4 14 During the early pressure dip in the vessel underlying the cuff, the pressure in the advancing proximal wave continues to rise and thus creates a pressure differential between the higher portion of this proximal wave and the momentarily lower pressure beneath the cuff. Such a pressure difference appears to supply the driving force to create the ensuing rapid pressure rise both beneath and beyond the cuff. This steep pressure ascent is finally terminated as one of two conditions is fulfilled: (1) Our findings are in sharp conflict with those of Lange and co-workers,7 who found that (1) the Korotkoff sounds preceded the pressure rise in the arterial segment beyond the cuff, (2) the rise in pressure beyond the cuff was usually not preceded by a dip, and (3) the duration of the anacrotic pressure rise was on the order of 0.04 to 0.08 sec, which was deemed too slow to account for a sound vibration of up to 200 cps. Because of these observations, they discarded the idea that sounds could be produced by sudden expansion of the vessel wall. Their pressures, however, were recorded through a needle connected to an 80-cm length of plastic tubing, and when their tracings are scrutinized, they appear damped. In this study we found that even with direct coupling of the transducer to the needle, damping would occur unless extreme care was exercised to exclude all air bubbles and particulate matter. Damping may also eliminate the early dip preceding the rapid rise.
Viewpoints of a Biologist and a Chemist This account illustrates the point that the biological outlook, in particular the realisation that living organisms form a whole in which each component plays a useful part, was essential in clarifying the problem of the intermediary stages of biological oxidations. If there is a difference in the outlook of the biologist on the one hand, and that of the chemist and physicist on the other, it is the urge of the biologist to look upon every property of living material as part of a complex system and to enquire into the functional significance of this property. Time and again this has proved a most fruitful working hypothesis-and it is no more than a working hypothesis. To do this effectively, he must be a widely trained "compleat" biologist. At the same time he must know a good deal of the basic sciences. Scientists who are reasonably compleat in biology and the various branches of the physical sciences are bound to become exceedingly rare with the increasing size of the subjects. So, in the future, the most effective research in biology is likely to arise from the efforts of teams wvhich include compleat biologists, compleat chemists, compleat physicists and compleat mathematicians.-HANs ADOLF KREBS: The Biologist's and the Chemist's Approach to Biochemical Problems. In Reflections on Biologic Research, edited by Giulio Gabbiani, St. Louis, Warren H. Green, Inc., 1967, p. 127.
